Penicillin, a product of the growth of a fungus, penicillium notatum, has become established as a therapeutic agent of value in the management of various infections, particularly those caused by the pyogenic cocci (1) .
Because penicillin is unstable in the presence of acid, it may not be given by mouth and absorption from the duodenum is imperfect. It has, therefore, been administered parenterally in nearly all of the recorded clinical studies. Three routes have usually been used: (1) intermittent intravenous; (2) intermittent intramuscular; and (3) continuous intravenous. Adequate clinical results have been obtained with each but in only one instance have studies been made of the fate of the injected material.
It has been shown (2) that the injection of a single large dose of penicillin, intravenously, was followed by a very rapid rise and fall of the blood level of this substance, so that at the end of 2 hours, the amount remaining was not detectible by the method used. During this interval, about 60 per cent of the injected penicillin appeared in the urine. Absorption was somewhat slower and the blood levels were lower but better maintained following intramuscular administration. Absorption from the subcutaneous tissues was irregular, and the levels reached in the blood were low.
The use of the continuous intravenous drip for the administration of penicillin has been advocated (3) . This author has suggested a daily dose of 50,000 units, but has not studied the concentrations of the drug in the blood or urine.
It is the purpose of this report to describe the results of determinations of blood and urine concentrations of penicillin obtained during the study of patients under treatment with this agent, all of whom received penicillin by continuous intravenous or subcutaneous drip.
METHODS AND MATERIALS
PeniciUin concentration. The concentration of penicillin in plasma and urine was determined routinely by a modification of the method previously described (4). In certain instances, the plasma concentration was measured by a photoelectric turbidimetric technic. Both of these methods will be described in detail elsewhere. It is important to bear in mind that both involve dilution technics and are, therefore, subject to considerable error. The exact magnitude of this error has been studied and will be described elsewhere, but may be stated to be approximately 4 30 per cent.
Blood. Since it has been previously shown (2) that nearly all of the blood penicillin is dissolved in the plasma and very little in the red blood cells, the former material was used in all tests, whole blood being collected aseptically into tubes containing an appropriate amount of sterile sodium citrate. Preliminary tests revealed that this substance does not interfere with the action of penicillin.
Urine. Timed. urines were collected, frequently by catheter, and immediately sterilized by Seitz filtration. The concentration of penicillin in each specimen was determined by the modification of the Rammelkamp Table I .
It will be observed that the results are, on the whole, quite consistent in the light of the inherent error in the methods of determining the concentration of penicillin. The latter factor makes it most profitable to discuss these experiments on the basis of the last section of the table, which presents the average of all the values obtained in 7 experiments.
Plasma concentration. The plasma concentration of penicillin at the various rates of administration was determined in 4 instances by (6) . It was, therefore, of interest to determine the rate of excretion of penicillin in febrile patients. The results of 6 such experiments are presented in Table II . In 3 patients, the material was administered by continuous subcutaneous drip and, in 3, by continuous intravenous drip.
Definite conclusions cannot be drawn from these few observations, but it should be pointed out that the average plasma clearance in the presence of fever was approximately 50 per cent greater in these febrile individuals than in the previously described afebrile group.
C. Plasma levels during routine administration
The concentration of penicillin in the plasma following its administration at rigidly controlled rates by the continuous intravenous route has been described. Many determinations were also made of the amount of penicillin in plasma, obtained following the administration of this agent, intravenously and subcutaneously in various amounts, when patients were under routine treatment. At such times, the rate of infusion of the penicillin solution was under the careful supervision of experienced nurses and ward officers, but was not controlled as it was in the previous studies.
The results of these observations are presented in Table III If penicillin was administered subcutaneously, the plasma levels were about 50 per cent lower than those observed during the treatment of patients by the intravenous route. The reason for this discrepancy is not apparent but it is possible that the creation of a reservoir of penicillin in the subcutaneous tissues permits its destruction before it is absorbed.
These studies have also clarified the mode of excretion of penicillin. It has beensuggested (7) that the renal tubules must play an important r6le in the clearance of penicillin from the plasma and blocking of the tubular excretory mechanism by the simultaneous injection of diodrast and penicillin has been attempted, with partial success.
The calculations presented above, based upon studies in afebrile patients under basal conditions, in whom from 750 to 1,120 cc. of plasma were cleared of penicillin per minute, definitely proves the tubular excretion of this substance, since the average amount cleared by glomerular filtration alone could have been only 130 cc. per minute (5) .
These values are higher than those obtained for the average diodrast clearance, 688 cc. per minute (5), and suggest that the intravenous injection of penicillin may increase the renal blood flow in a manner similar to that induced by the injection of pyrogens (6) . It is not proper, however, to draw this conclusion from so few observations, uncorrected for surface area or sex. It is logical to assume, however, that the renal blood flow and the penicillin plasma clearance will be increased in the febrile patient. That this is the case is suggested by the study of patients with fever described above, in whom the penicillin plasma clearance was 50 per cent greater than in the group of individuals observed under basal conditions.
The plasma clearance does not fall with the maximum plasma concentration of penicillin obtained in these experiments, which indicates that the upper limit of tubular excretion of this substance has not been reached. This was to have been expected since the normal renal tubules may excrete 50 mgm. of diodrast iodine per minute (5) and, at the maximum rates recorded here, less than 1 mgm. of pure penicillin per minute was being cleared.
Variations in the minute volume of urine have been shown here to have no effect on the rate of excretion of penicillin which is in accord with the observations of others using substances excreted by the renal tubules and in contrast to those in which such chemicals as urea and the sulfonamides were studied (5, 8) .
Penicillin administered by the continuous intravenous route is quantitatively excreted by the kidney. No destruction in the tissues was demonstrated.
The optimal concentration of penicillin in the plasma and tissues for the treatment of various infections has not yet been determined but, in accord with the available evidence (9), it is probable that a plasma level of 0.20 to 0.30 units per cc. is adequate to control severe staphylococcal infections and 0.05 to 0.1 units per cc. may be sufficient to cure infections caused by the hemolytic streptococcus, pneumococcus, and gonococcus.
By the intravenous route, 200,000 to 400,000 units per day should result in plasma levels satisfactory for the treatment of severe staphylococcal infections. Penicillin may be administered by continuous subcutaneous drip in such instances if intravenous therapy is impractical, but the observations presented here definitely indicate that much larger daily doses should be used. By either route, 100,000 to 200,000 units per day should be sufficient for the management of hemolytic streptococcus, pneumococcus, and gonococcus infections.
Only many further detailed studies will determine the optimal mode of administration and dosage of penicillin.
SUMMARY AND CONCLUSIONS 1. The absorption and excretion of penicillin during continuous intravenous and subcutaneous administration has been studied.
2. Predictable plasma levels were obtained, those following intravenous being higher than those following subcutaneous infusion.
3. Penicillin was removed from the plasma by the kidney at rates which indicate that the renal tubular excretory mechanism was principally involved in this process. 4 . The relationship of these observations to the use of penicillin in the treatment of human infections is discussed.
